Phylogeny-based analysis of chitinase and 16S rRNA genes from metagenomic data suggests that salinity is a major driver for the distribution of both chitinolytic and total bacterial communities in aquatic systems. Additionally, more acidic chitinase proteins were observed with increasing salinity. Congruent habitat separation was further observed for both genes according to latitude and proximity to the coastline. However, comparison of chitinase and 16S rRNA genes extracted from different geographic locations showed little congruence in distribution. There was no indication that dispersal limited the global distribution of either gene.
In recent years, progress has been made in elucidating factors that underlie the biogeography of bacterial community assemblages (5, 13, 23, 25) . However, function cannot easily be inferred from such studies, since specific functional guilds may be present in low abundances and function is difficult to predict from taxonomic affiliations. To target and analyze the diversity of functional groups, biogeographical studies of protein coding genes is an attractive alternative to studies based on taxonomy markers (e.g., see references 10, 13, 16, 28, and 35) . By using a phylogeny-based approach to assess the biogeography of functional guilds, information regarding underlying ecological and evolutionary community assembly processes can be accessed (16) .
Marine chitinolytic communities play key roles in global nitrogen and carbon cycles. Chitinases are responsible for the hydrolysis of chitin, which is one of the most abundant biopolymers on earth. It does not accumulate over time and therefore likely has high turnover rates (12, 19) . Bacterial degradation of chitin usually involves an initial extracellular hydrolysis of the (134)-␤-linkage, catalyzed by excreted glycoside hydrolase (GH) family 18 chitinases, which are phylogenetically subdivided into groups A, B, and C. Lateral gene transfer has been discussed as a reason for their widespread but phylogenetically incoherent distribution among bacterial phyla (17) . This implies that populations carrying this function may vary greatly in other ecological traits. Environmental factors could consequently act directly on an organism's ability to degrade chitin, independently of the taxonomic background of the organism carrying this trait.
In this study, we used metagenomic data provided by the Global Ocean Sampling expedition (GOS) (32, 33) to test if specific environmental conditions in aquatic habitats shape the chitinase gene assemblages or if limitations in dispersal are important for the distribution of chitinolytic communities. The phylogeography of chitinase genes was also compared to that of the 16S rRNA gene as a universal taxonomic marker. Divergent distribution patterns between the two genes would indicate if there are environmental factors or distribution mechanisms that are specifically relevant for chitinolytic microorganisms. The respective communities were compared among habitats defined by either salinity, latitude, proximity to the coastline, or geographic location.
Sequence extraction and phylogenetic evaluation. All GOS sequences (32) were retrieved from Cyberinfrastructure for Advanced Microbial Research and Analysis (CAMERA) (33) using the Basic Local Alignment Search Tool (BLAST) (2) . The GOS data (all open reading frames [ORFs]) were queried for chitinase genes using short conserved chitinase amino acid sequences (maximum of 24 amino acids) found in 122 genomes (17) . All query sequences include the conserved GH family 18 DxxDxDxE motif, which is part of the catalytic domain and corresponds to the following amino acid positions: Serratia marcescens/ChiB (BAA31568), 124 to 148 (group A chitinases); and S. marcescens/ChiC (ABI79318), 124 to 142 (group B chitinases). Parallel tBLASTN searches were performed using the BLOSUM62 matrix (word size 3) and the PAM30 matrix (word size 2). In a second search, 992 chitinase sequences from uncultured bacteria were used as query sequences in a BLASTN search using default settings. All obtained hits were translated to their protein sequence and checked for homology to chitinase genes using a BLASTP search. GOS 16S rRNA gene sequences were extracted using the universal bacterial primer eub27f (21) (BLASTN search, default settings, all metagenomic sequence reads). Hits were confirmed as 16S rRNA genes using the RDP classifier (36) with the confidence threshold set to 95%. We reduced the original 16S rRNA gene set by randomly sampling up to 10 sequences (depending on the number of available reads) with a minimum length of 300 bp from each GOS sampling site with chitinase hits to obtain comparable data set sizes for the two genes. Since the hypersaline and freshwater habitats both consisted of a single site, 30 sequences were sampled from these two sites.
A seed alignment for chitinase genes was created with sequences from available microbial genomes using the MAFFT v6.626 software program (homolog option) (18) . The alignment was refined manually using the secondary structure of a chitinase from Serratia marcescens (Protein Data Bank [PDB] entry 1E15). All sequences were then aligned to the seed alignment using HMMer v2.3 software (9) , and the complete alignment was manually corrected for errors. Regions of poor alignment quality were excluded from subsequent analyses. 16S rRNA sequences were imported into the ARB software package (26) and aligned using the ARB integrated aligner, followed by manual curation with the SILVA 100 database as a reference (30) . Maximum-likelihood estimation of phylogenies was performed using the GARLI v.0.96b8 software program (38) . Selection of the most appropriate substitution models was performed using the Prottest software program (1) for chitinase amino acid and the jModelTest software program (29) for 16S rRNA nucleotide sequences. The WAGϩIϩ⌫ model was used for analysis of the chitinase alignment, while the 16S rRNA alignment was analyzed using the GTRϩIϩ⌫ substitution model. For each gene, 10 tree search replicates were performed, and the tree with the highest log likelihood score was selected as the final topology. Confidence values at nodes were determined using 500 bootstrap replicates. For the chitinase phylogeny, sequences retrieved from the screening that did not cluster with either of the main groups (A, B, or C) were pruned from the final phylogeny, and the tree was rooted at sequences from chitinase groups B and C. The 16S rRNA gene tree was rooted at archaeal sequences.
We extracted 296 putative chitinase genes from the GOS database (see Fig. S1 and Table S1 in the supplemental material) and detected putative chitinase genes in 58 of the 82 sites. 16S rRNA gene sequences from all major phyla known to inhabit aquatic environments were retrieved from the data set, and the number of sequences per site included in phylogenetic analyses is given in the supplemental material (see Tables S1  and S3 ).
According to an approach described elsewhere (4, 14) and assuming five chitinase genes per cell (7), we estimated that between 0.2 and 5.8% of total bacterial cells were chitinolytic (see Table S1 in the supplemental material). This agrees with results from a previous metagenomic enzyme screening (7) but contrasts with much higher estimates based on culture-dependent approaches (31) . None of the obtained chitinase sequences clustered with group B, and a mere 7 were assigned to group C, whereas the remaining 289 sequences were affiliated with group A (see Fig. S1 ). Dominance of group A chitinase genes among the GH18 group has been reported before (27, 37) , though only in a PCR-based study relying on primers designed from group A sequences (27) . Group A chitinase genes are also more frequent than group B or C chitinase genes among cultured organisms (17) (see Fig. S1 ) but still occur in a far lower proportion than the 98% of the total chitinase pool observed in the GOS data analyzed here. Our study is therefore the first to demonstrate the dominance of group A chitinases with metagenomic data, thereby avoiding bias introduced by either cultivation or PCR. The observed stronger dominance of group A chitinase genes in our study than in cultured chitinolytic organisms could reflect either the composition of chitinase genes specifically in aquatic environments or cultivation bias.
Habitat definition and assessment of diversity coverage. We grouped the obtained sequences into habitats according to the environmental data available for each site. The habitats were grouped into broader categories for subsequent tests on the influence of salinity, latitude, proximity to the coastline, and geographic location (Table 1) . To test for hierarchical influence of these broad categories, combinations of categories were used to perform cluster analysis based on UniFrac distance matrices. Combined habitats with fewer than 10 sequences were excluded from the cluster analyses. To assess if sites within the defined habitats share environmental features, contextual data from the GOS expedition (32) were compared with principal components analysis (PCA). Values for latitude were transformed into decimal values, and each parameter was scaled and centered prior to analysis. Sites without contextual data, including the hypersaline and freshwater sites and most of the estuarine sampling sites (see Table S2 in the supplemental material), were excluded from this analysis. Overall, this analysis supported the habitat classification (Fig. 1) . Separation of sampling sites was mainly along the second principal component rather than the first, reflecting differences in water depth and latitude. Marine North American East Coast samples grouped separately from the remaining marine samples a With the exception of the category for geographic location, only coastal and open ocean samples were included to represent marine samples in the analyses. The number of sequences included in each habitat is listed for the chitinase and 16S rRNA gene. These habitats were based only on planktonic samples (filter size, Ͻ0.8 m) of group A chitinases. Habitats with fewer than 10 chitinase genes were excluded from further analyses to avoid spurious results. The habitats were further grouped into categories. Samples from a mangrove environment were grouped together with estuarine samples since satellite pictures from the Google Earth software tool (version 4.3.7204.0836 ͓beta͔) show freshwater intrusion at this site. To avoid the influence of special marine habitats, such as reef samples, only coastal and open ocean samples were included in the respective habitats for salinity, latitude, and proximity to the coastline. However, we included sequences from all marine planktonic samples in habitats within the geographic location category, since too few sequences remained for the single categories.
b Only sites with at least 10 chitinase sequences were included.
along the first principal component as a result of differences in chlorophyll concentrations and salinities. This separation was even more apparent for the estuarine North American East Coast sample. The covered diversity represented in both the chitinase and 16S rRNA gene data sets was estimated for each habitat by comparison of rarefaction curves against the phylogenetic diversity (PD) (11) . An endpoint PD was estimated by fitting the rarefaction curve to an asymptotic model for species accumulation equivalent to the Michaelis-Menten equation (6) . For most habitats, sequences included in the UniFrac analyses exceeded 70% of the total estimated PD. The lowest coverage was observed for habitats classified based on salinity, with a mere 31% for the hypersaline habitat and 50% for estuarine waters for both 16S rRNA and chitinase gene sequences (Table 2).
Distribution patterns of chitinase and 16S rRNA genes. To visualize a possible hierarchy of tested categories (Table 1) on the distribution of the tested genes, cluster analyses were performed while combining categories using the unweighted-pair group method with arithmetic mean (UPGMA), as implemented in the online version of Unifrac. Jackknife support of clusters was determined using 100 permutations (see Fig. 3 ). Pairwise UniFrac P values (24) were calculated for all habitat pairs within the respective categorical groupings of sites to test the influence of salinity, latitude, proximity to the coastline, and geographic location on the phylogenetic distribution of chitinase and 16S rRNA genes. P values were derived from 10,000 iterations (category geographic location, 50,000 iterations) and were corrected for multiple pairwise comparisons using the Bonferroni correction.
Cluster analyses revealed that chitinolytic organisms follow distribution patterns similar to those of the combined bacterial community, because topology and branch length of the corresponding dendrograms were mostly congruent (Fig. 2) . Salinity stands out as a factor strongly influencing the distribution of both genes. This is evident from superior clustering compared to the other categories (Fig. 2) . Also, highly significant UniFrac P values between the individual salinity-based habitats illustrate the importance of shifts in salinity for gene distribution patterns (Fig. 3) . The striking influence of salinity on the general phylogeographic organization of microbial communities has been demonstrated previously, including studies based on the GOS data set (reviewed in reference 22). However, fewer studies have assessed the influence of salinity on functional guilds (e.g., see references 3 and 16).
Increased salinity of hypersaline environments shifts entire genomes toward coding for more-acid amino acids (20, 34) . We therefore estimated isoelectric point (pI) values for chitinase amino acid sequences from each categorical grouping using EMBOSS pK a values (http://host9.bioinfo3 .ifom-ieo-campus.it/sms2/protein_iep.html). The pI is defined as the pH value at which a protein carries no net charge. The obtained pI values were subjected to a reciprocal transformation prior to analysis of variance (ANOVA) analysis, to approximate normal distribution of the residuals. A randomized one-way ANOVA with 10000 iterations was performed (Rundom Pro 3.14 [15] ) to assess if significant differences existed in the pI of chitinase genes among the different sets of categories. The pI values were calculated only for protein fragments instead of whole proteins or genomes. This is likely to introduce noise in the analysis since more or less acid regions of a protein will be randomly represented among the extracted fragments. Nevertheless, at a significance level of 0.05, a significant relationship between the predicted pI and habitat was found when habitats were classified based on salinity (F ϭ 22.5; P ϭ 0.0001). Also, pairwise comparisons indicated significant differences between the pI values of sequences found at the extremes of the salinity continuum, whereas no significant differences were observed between the freshwater and estuarine sequences and marine and estuarine sequences (Fig. 4) . The influence of salinity or possibly covarying pH values on the pI of chitinase gene fragments reveals a direct impact of these factors on the evolution of chitinase genes, rather than an indirect and random coevolu- tion of the combined gene pool in individual microbial lineages. Such a general impact on protein architecture that probably affects the combined proteome of organisms may explain why salinity appears to be a strong structuring factor for bacteria regardless of their phylogenetic affiliation.
The low UniFrac P values when chitinase genes from estuarine waters were compared to those from either freshwater or marine samples suggest that organisms indigenous to both freshwater and marine biomes are present in the estuarine environment. This is in accordance with previous findings (8) and agrees with the large variation in chitinase pI values from estuarine sites (Fig. 4) . Subordinate to salinity, other factors associated with the habitat definition influenced the phylogenetic distribution of chitinase genes. A clear congruence of distribution patterns for chitinase and 16S rRNA genes was observed when habitat definitions were based on latitude or proximity to the coastline. This indicates that factors shaping the overall bacterial community composition also control the composition of the chitinolytic community. In contrast, incongruent distributions of chitinase and 16S rRNA genes were observed if habitats were defined by geographic location (Fig.  2C) . For example, the separate grouping of North American East Coast samples based on the available environmental data (Fig. 1 ) was reflected only in the composition of the 16S rRNA assemblages. Thus, the distribution of chitinase genes is influenced by parameters other than those shaping the combined bacterial community. Still, the highly significant UniFrac P values suggest habitat-controlled differences in assemblages of both chitinase and 16S rRNA genes rather than a restriction in dispersal, since communities from geographically distant regions clustered together (Fig. 2C) . We suggest that the local availability and crystalline form of chitin shape the assembly of chitinase genes and associated chitinolytic communities in a way that is not reflected at the level of the total bacterial community.
In summary, we found diverging distribution patterns between chitinase and 16S rRNA genes when habitats were defined by their geographical location, but otherwise the patterns were congruent. Salinity was an important factor shaping chitin-degrading bacterial communities, as well as the general bacterial community. This is likely due to the strong overall physical and chemical influence of the salt concentration on the conformation and tertiary structure of the combined pool of proteins making up the community proteome. 
